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I. Introduction

A promising alternative immunotherapy to the current breast cancer therapies of surgery,
radiation, chemotherapy, and hormone replacement, is to target tumor associated antigens
(TAAs).  This is an attractive alternative due to the fact that they specifically target tumor
cells.  Over 44,000 women fail one or more of these therapies each year and according to
the American Cancer Society, breast cancer has remained the second leading cause of
cancer deaths among women in the United States through 2005.  In addition to this, over
1500 men are diagnosed with breast cancer each year in the United States alone.  20-40%
of all breast cancers overexpress the tumor associated antigen, HER-2/neu, and it is also
overexpressed in cancers of the ovaries, lung, pancreas, and gastrointestinal tract (Disis et
al., 1997; Knutson et al., 1999; Li et al., 1994).  The overexpression of HER-2/neu in
breast adenocarcinomas has been associated with the progression of focal tumors to
metastatic cancer and the subsequent poor prognosis of patients (Knutson et al., 1999;
Treurniet et al., 1992).  Despite this, patients with cancers that overexpress HER-2/neu
have humoral (Coronella, et al., 2001; Disis et al., 1997b; Disis et al., 2000), CD8+ T cell
(peoples et al., 1995), and CD4+ T cell (Tuttle et al., 1998) immune responses directed
towards HER-2/neu, but these responses are not effective.  Intracellular bacteria, such as
Listeria monocytogenes, can be used as vaccine vectors due to their ability to generate
strong and specific T cell responses (Pan et al., 1995; Pan et al., 1995b; Pan et al., 1999;
Pardoll, 1996; Weiskirch et al., 1997).  Listeria preferentially infects macrophages and
other antigen presenting cells, and while most of the bacteria are killed in the
phagolysosome, about 10 percent escape into the cytosol.  This results in the presentation
of listerial antigens by both the MHC class I and class II pathways leading to the
subsequent activation of both CD8+ and CD4+ T cells (Hsieh et al., 1993; Weiskirch et
al., 2001).  Our lab has previously shown that Listeria monocytogenes expressing tumor-
associated antigens can induce the regression of established tumors that express those
antigens (Gunn et al, 2001) and we have adapted this system for the breast cancer
associated antigen HER-2/neu.  We have previously reported the production of five
Listeria based vaccines consisting of fragments of HER-2/neu and that these vaccines are
all capable of impacting on tumor growth (Singh et al., 2005).  After vaccination of tumor
bearing mice with the Lm-LLO-HER-2/neu vaccines, the tumors stop growing and
remain stable for over 90 days with a small number (about 30%) undergoing complete
tumor regression (Singh et al., 2005).  Following this we conducted an analysis of the
CD8+ T cell pools that are stimulated in these mice through CTL analysis and reported in
the previous year that through this method we had identified regions of HER-2/neu that
potentially contain unidentified CD8+ T cell epitopes.  Further, we have demonstrated
that transplanted tumors into FVB/N HER-2/neu transgenic mice grow at a significantly
slower rate in Lm-LLO-HER-2/neu vaccinated mice as compared to control mice.  In this
past year, we have continued studying these vaccines in the transgenic mice and further
studied the CD8+ T cell responses in these mice.
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II. Body

This study is aimed at determining the effectiveness of Listeria monocytogenes based
immunotherapies for HER-2/neu overexpressing breast cancers and the mechanisms
involved in priming an immune response upon vaccination.  Listeria monocytogenes that
express fragments of HER-2/neu prime CD8+ and may prime CD4+ T cell response that
are robust enough to overcome tolerance in a transgenic mouse model of HER-2/neu
overexpressing breast cancer.  Previous studies in our lab have shown that Listeria
monocytogenes that express the viral protein E7 are capable of eliciting a strong enough
anti-tumor response to E7 to cause the regression of tumors in mice (Gunn et al., 2001).
Furthermore, after adapting this system to the self-protein HER-2/neu we show that a
potent anti-tumor response can be generated against a self-protein in wild type FVB/N
mice (Singh et al., 2005).

We continued the study of the anti-tumor efficacy of the five previously described
Listeria based HER-2/neu vaccines (Figure 1).

Figure 1. Schematic of the overlapping extracellular and intracellular fragments of HER-
2/neu cloned into an expression vector.  The numbers represent amino acids.

Anti-tumor responses were initially studied through the analysis of the lysis of cells lines
expressing fragments of HER-2/neu by vaccine stimulated CD8+ T cells.  This analysis
led to the identification of regions of HER-2/neu that contain previously unidentified
CD8+ T cell epitopes for the FVB mouse (Table 1).

Extracellular domain

1 655 680 1260

Intracellular domain
Transmembrane domain

EC-1

EC-2
IC-1

IC-2

EC1: AA 20-326
EC2: AA 303-501
EC3: AA 479-655

IC1: AA 690-1081
IC2: AA 1020-1260

EC-3
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Listeria Construct Neu Region
Spanned

Killing of 3T3-neu
Target Cellsa

Neu Regions Containing an
Epitope

Lm-LLO-EC1 30-326 Neu-1/Neu-2/Neu-3 20-148/291-326
Lm-LLO-EC2 303-501 Neu-3/Neu-4 303-426/401-501b

Lm-LLO-EC3 479-655 Neu-4/Neu-5 479-553/531-655
Lm-LLO-IC1 690-1081 Neu-6/Neu-7/Neu-8 690-797/952-1081
Lm-LLO-IC2 1020-1260 Neu-8/Neu-9 1020-1085/1063-1260

Table 1. Regions of HER-2/neu with potential FVB epitopes based on specific lysis from
CTL analysis and the corresponding vaccine constructs.  a Strong killing: greater than
20% above background lysis; weak killing: 10-20% above background lysis; no killing
above background lysis.  Background lysis varies between 0-12% for each experiment.
bThe epitope identified from Ercolini et al. (Ercolini et al., 2003) is from 420-429 and is
partially contained in Neu-3 and fully in Neu-4.

Following the identification of regions of HER-2/neu with potential epitopes, we had
overlapping 20mer peptides made to span all of the regions identified through the use of
the cell lines containing fragments of HER-2/neu.  These peptides have since been used
to further narrow down the regions of HER-2/neu containing epitopes.  CTL analyses of
all 58 peptides were done using pools of 3-4 peptides at a time, which allowed us to
narrow down these larger portions of HER-2/neu into separate regions spanning about 60
amino acids.  The pools are now being split into individual 20mers to further narrow
down regions containing CD8+ T cell epitopes.  This work has been summarized into a
table showing the progression from using cell lines to narrow down target regions to the
use of peptides to identify the 20mers containing epitopes (Table 2).

Table 2. Summary of CTL analysis to date using cell lines and pools of 20mer peptides to
narrow down regions of HER-2/neu potentially containing CD8+ T cell epitopes.

3T3 regions Region with epitope Peptide pools Response to pool Region with epitope
1-165 20-148 20-39/35-54/50-69 yes 20-69

65-84/80-99/95-114 no
110-129/125-144/140-148 yes 110-148

148-291
274-426 291-326 291-310 yes 291-310
274-426 303-426 291-310/366-385/381-400/396-415 no
410-553 410-501 411-430/426-445/441-465 yes 411-465

456-475/471-490/486-505 yes 456-501
410-553 479-553 471-490/486-505/501-520 no

516-535/531-550/546-565 yes 516-565
531-687 531-655 516-535/531-550/546-565 yes 516-565

561-580/576-595/591-610 yes (small) 561-610
606-625/621-640/636-655 yes (small) 606-655

665-820 690-797 690-709/705-724/720-739 no
735-754/765-784/780-797 yes 735-797

797-952
929-1085 952-1081 967-987/982-1001/997-1016 no

1012-1031/1027-1046/1042-1061 yes 1012-1061
1057-1076/1072-1091 no

929-1085 1020-1085 1012-1031/1027-1046/1042-1061/1057-1076 yes 1012-1076
1063-1259 1063-1259 1072-1091/1087-1106/1102-1121 yes 1072-1121

1117-1136/1132-1151/1147-1166 yes 1117-1166
1162-1181/1177-1196/1192-1211 yes 1162-1211
1207-1226/1222-1241/1238-1257 no
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In addition to this, one epitope has been fully mapped and we are in the process of
studying it in comparison to the previously defined ‘immunodominant’ epitope (Ercolini
et al., 2003).  As can be seen in Table 2, there was a response to one 20mer, from 291-
310, that was tested alone and not in a pool of peptides.  Based on this result, this 20mer
was divided into 9 and 10mers that were predicted by Rankpep to bind to MHC I
molecules that are similar in structure to the “q” haplotype (Lee et al., 1988), and these
were then tested to see if there was a CTL response to one of these smaller peptides
(Figure 2).  The FVB/N mouse is on the “q” background and not much is known about
these MHC molecules, so at this point there are no programs that will directly predict the
sequence of q binding peptides.

Figure 2. CTL analysis of 3T3-wt cells loaded with 9 and 10mer peptides corresponding
to the 291-310 region of HER-2/neu.  The peptide loaded onto the wild type 3T3 cells is
noted above each of the graphs.

This analysis shows that a previously unidentified epitope for HER-2/neu that falls into
the EC1 region of the Listeria based vaccines is defined by the amino acid sequence of
PYNYLSTEV.  The FVB/N mouse is on the H-2q background and the previously
determined “Ercolini” epitope has been determined to be restricted to the H-2Dq class I
MHC.  In order to determine what the MHC restriction of this EC1 epitope is, we
obtained cell lines that express only either H-2Dq or H-2Lq class I molecules to test in a
CTL assay.  As there is no cell line that only expresses H-2Kq, binding of the peptide to
just this MHC class I molecule cannot directly be tested.  We obtained an antibody that
will specifically block H-2Kq to determine if by blocking this MHC class I molecule lysis
of target cells pulsed with this peptide is abrogated (Figure 3).
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Figure 3. The MHC class I restriction of the EC1 epitope PYNYLSTEV is H-2Kq.

The top two panels show that there is no lysis of target L-Lq or L-Dq cells labeled with the
EC1 peptide, which means that this epitope is not restricted to either H-2Lq or H-2Dq.
The bottom two panels are of CTL analyses with 3T3-wt cells as targets and these cells
express all three (Lq, Dq, and Kq) MHC class I molecules.  3-83P is an antibody that does
not bind and block the binding groove of these class I molecules and most importantly
does not bind to H-2Kq.  16-3-1N is an antibody that specifically binds into the binding
groove of H-2Kq, and thus blocks binding of the peptide, but does not bind to either H-
2Lq or H-2Dq.  When the peptide is loaded on cells treated with 3-83P, there is still killing
of the target cells by cells stimulated with the EC1 vaccine, but when the cells are treated
with the 16-3-1N antibody, this binding is abrogated, as evidenced by the lack of killing
of the target cells.  This clearly shows that the MHC class I restriction of the
PYNYLSTEV peptide is H-2Kq.

Through these CTLs, we have identified regions where there is clearly specific lysis of
the target cells, implying that these regions contain unidentified CD8+ T cell epitopes,
and also regions where there is no lysis at all.  We have previously theorized that these
‘sub-dominant’ epitopes are revealed by (1) breaking HER-2/neu into fragments; (2)
fusing these fragments to listeriolysin O (LLO); (3) delivering the antigen through
Listeria monocytogenes; or (4) a combination of these.  In order to determine which of
these is correct, we made and tested DNA vaccines to compare the full length HER-2/neu
with a representative fragment, and also compare LLO-fused with non-fused antigens.
These DNA vaccines were made using the pcDNA 3.1 parent vector and then tested in a
tumor regression experiment with Lm-LLO-EC1 was a Listeria delivery control.  The
data for this experiment are extensive and are contained within the Journal of
Immunology paper in the appendix to this report (Singh et al., 2005).  This experiment
shows that the vaccine delivered by Listeria is the best and the LLO-fused DNA vaccines
are far superior to the non-fused vaccines.  Thus, fusion to LLO and delivery by Listeria
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monocytogenes both play a role in the revelation of ‘sub-dominant’ epitopes for HER-
2/neu in the FVB mouse.

Much of the work done this year has focused on the FVB HER-2/neu transgenic mouse
as a follow-up to the work discussed in my last annual report showing a significant
slowing in the growth of implanted tumors after vaccination compared to the control
groups.  This experiment was first repeated to see if the mice in the HER-2/neu vaccine
groups once again scratch away their tumors at around day 40 in what appears to be a
delayed type hypersensitivity (DTH) response (Figure 4).

Figure 4. Tumor growth of implanted NT-2 tumors in FVB HER-2/neu transgenic mice.
Mice were vaccinated with the noted vaccines on days 7, 14, 21, 28, and 35.  Tumor
growth was measured until the mice in the LLO-EC1, LLO-EC2, LLO-EC3, LLO-IC1,
and LLO-IC2 groups scratched away their tumors.

This shows that the vaccines stimulate a response that is strong enough to overcome
tolerance, as the growth of the implanted tumors is significantly slower in the Lm-LLO-
HER-2/neu vaccine groups than those in the control Listeria vaccine group or the PBS
control group.  Due to the breaking of tolerance in a transplanted tumor model, we sought
to test the efficacy of these vaccines in an autochthonous tumor model.  90% of female
FVB/N HER-2/neu transgenic mice develop spontaneous mammary tumors between 4
and 9 months of age.  In an autochthonous tumor test, the mice are treated prior to the
development of tumors and observed for an extended period of time to see when they
develop tumors and this is compared to the onset of tumor growth of control treated and
untreated mice to look for differences in tumor growth.  Age matched female mice were
first vaccinated at 6 weeks of age and then every three weeks after that for a total of 5
vaccinations, resulting in treatments at 6, 9, 12, 15, and 18 weeks of age (Figure 5).
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Figure 5. Autochthonous tumor protection in female FVB/N HER-2/neu transgenic mice.
12 mice per group were treated starting at 6 weeks of age and were followed until the
onset of tumor growth in each mouse.

The delay in the onset of tumor growth in mice treated with Lm-LLO-EC1, Lm-LLO-
EC2, Lm-LLO-IC1, and Lm-LLO-IC2 was significantly different than either of the
control groups (PBS and Lm-LLO-EC3).  Lm-LLO-EC3 was not significantly different
than either of the controls (Table 3).

Table 3.  Kaplan-Meier Log Rank Test.  p-values showing which groups are significantly
different in the autochthonous tumor protection are shown.

These vaccines are clearly capable of breaking tolerance in FVB/N HER-2/neu transgenic
mice based on the significant delay seen in the onset of spontaneous tumor growth
(Figure 5) and also in the slowing of tumor growth with transplanted tumors (Figure 4).
The apparent discrepancy between these tumor results is a current area of study.  When
tumors are implanted in the transgenic mice, treatment with each of the vaccines leads to
the same result, a slowing in the growth of the tumors and the eventual scratching away
of the tumors in all of the Lm-LLO-HER-2/neu vaccinated groups around day 40 (Figure
4).  In addition, the tumor sizes in all of the mice in the Lm-LLO-HER-2/neu vaccine
groups are clustered together with no difference between any of the treatment groups.
Conversely, clear differences between the efficacy of the vaccines can be seen through
the autochthonous tumor protection.  Lm-LLO-EC3 is not efficacious in this type of
experiment, while Lm-LLO-IC1 is definitively the best vaccine in this model (Figure 5).

There are several factors that could explain the differences in the efficacy of the vaccines
in these experiments.  In one case tumors are implanted and mice are treated after the
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growth of palpable solid tumors (about 4-5 mm in size), while in the other, mice are
treated prior to the development of natural tumors.  This means that in the first case
(Figure 4) the efficacy of the vaccines as a therapeutic is being tested, while in the other
experiment (Figure 5), the efficacy of the vaccines as a prophylactic is being determined.
Another difference between these two tests of the vaccines is that the spontaneous tumors
develop in the mammary glands of the mice, whereas when tumors are implanted, they
are placed subcutaneously on the flank of the mice.  The differences in the efficacy of the
vaccines in these experiments comes down to potential differences in the stromal
environment of the tumors and also the timing of the vaccine.  In the autochthonous
tumor experiment, although mice are first vaccinated at 6 weeks of age, some of the mice
will already be in the process of developing mammary tumors through hyperplasia of the
mammary glands by this time.

For the coming year, several experiments have been planned and questions of interest
have been identified.  We are in the process of trying to determine the factors that
contribute to the increased efficacy of Lm-LLO-IC1 vs Lm-LLO-EC3 in the
autochthonous tumor protection by conducting a tumor regression experiment where
mice are given tumors either subcutaneously or in the mammary gland and then treated
with the vaccines to determine if stromal elements are involved in the efficacy of the Lm-
LLO-HER-2/neu vaccines.  Another question of interest is to determine if mutations in
the HER-2/neu protein contribute to the onset of spontaneous tumor growth in the Lm-
LLO-HER-2/neu vs control vaccinated mice.  In order to do this, we are currently
sequencing tumor samples to see if mutations can be seen.

III. Key Research Accomplishments

• CTL analysis of each vaccine with pools of peptides corresponding
to regions of HER-2/neu previously identified to contain a
potential epitope through the use of cell lines.

• Identification of a novel CD8+ T cell epitope for rat HER-2/neu in
the FVB/N mouse, PYNYSTLEV.

• Determination of the MHC class I restriction of this novel epitope
(H-2Kq).

• Repeat regression study in HER-2/neu transgenic FVB mice with
implanted NT-2 tumors showing a slower rate of tumor growth in
Lm-LLO-HER-2/neu vaccinated mice vs control treated groups.

• Autochthonous tumor protection in FVB HER-2/neu transgenic
mice showing a significant delay in the onset of tumor growth for
the Lm-LLO-EC1, Lm-LLO-EC2, Lm-LLO-IC1, and Lm-LLO-
IC2 vaccines.

IV. Reportable Outcomes

• Publication of a research article in the Journal of Immunology.
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• Presentation of a poster based on this data at the Keystone Tumor
Immunology meeting in March 2005.

• Platform presentation given based in this data at the Department of
Defense ERA of Hope meeting in June 2005.

• Presentation of a poster based on this data at the Department of
Defense ERA of Hope meeting in June 2005.

• Presentation of a poster based on this data at the Cancer Research
Institute meeting in October 2005.

• Patent application ongoing.

V. Conclusions

Listeria monocytogenes based vaccines for HER-2/neu are capable of breaking tolerance
and leading to a slowing in the growth of transplanted tumors in FVB/N HER-2/neu
transgenic mice.  Treatment with each of these vaccines results in the slowing of tumor
growth compared to control groups and then the mice in the HER-2/neu vaccine groups
scratch their tumors away around day 40.  Tolerance in very clearly broken in this
transgenic model in the case of autochthonous tumors, with a significant delay in the
onset of tumor growth with mice vaccinated with Lm-LLO-EC1, Lm-LLO-EC2, Lm-
LLO-IC1, or Lm-LLO-IC2.  In this type of protection experiment, Lm-LLO-EC3 is
ineffective and does not lead to a delay in the onset of the growth of spontaneous tumors.
The factors underlying the differences in the anti-tumor efficacy of these vaccines in a
regression of transplanted tumors vs a protection of spontaneous tumors are currently
unknown.  We are in the process of determined if tumor stromal elements are involved in
the anti-tumor response of these vaccines.  The eventual growth of autochthonous tumors
and the factors that lead to this are another area of current study.

Continuing and following up on the previously discussed cytotoxic T lymphocyte
analyses has led to the identification of one novel CD8+ T cell epitope for rat HER-2/neu
in the FVB/N mouse, to date.  This work is also currently ongoing.  We plan to identify
several epitopes spanning distinct regions of HER-2/neu.  Identification of several
epitopes could lead to the next generation of Listeria monocytogenes based vaccines for
HER-2/neu containing specific regions of HER-2/neu corresponding to these epitopes.  In
this way the vaccines would be able to elicit immune responses specifically targeted
towards epitopes spread throughout the entire HER-2/neu protein with a single vaccine.

In the past year, testing of these vaccines in transgenic mice that are tolerant to rat HER-
2/neu has shown the ability of these vaccines to overcome tolerance in these mice.  This
is an important step in the development of therapies that may be adapted for humans as
any therapy used in humans must be capable of generating a strong enough immune
response to break tolerance in order to significantly impact on tumor growth in any way.
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